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Refractory  materials  were  elaborated  from  silica–alumina  geomaterials  related  to  granitoids  and  their
direct  surrounding  rocks  (kaolin  clay  and  andalusite  rich  schist).  The use  of  andalusite  rich  schist  as
aggregates  (mean  grain  size:  1000–2000  m)  could  improve  the  mechanical  properties  of synthesized
refractory.  The  ﬂexural  strength  increased  from  39.10  to  54.16 MPa.  The  pyroscopic  temperature  increasedvailable online 9 November 2013
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from  1400  to 1450 ◦C. Thermal  conductivity  of  the porous  brick  produced  in this  study  (1.11  W/m  K)
showed  39%  of reduction  compared  to  initial  brick  of  the  same  composition  (1.83  W/m  K).  The  thermal
shock  tests  showed  that  the  refractory  samples  have  a good  thermal  shock  resistance.
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Elsevier  B.V. All  rights  reserved.
ﬁring induces numerous complex structural and microstructural
transformations leading to the formation of mullite [2–6] and a
silica phase, mainly in a vitreous form.
Mullite (3Al2O3·2SiO2) is the only stable compound
(Tmp ∼ 1890 ◦C) in the Al2O3–SiO2 binary system at 1 atm pressure.
It is an important phase in many traditional ceramics such as
refractory and also in high technology applications for optical,
electronic and structural components. Although controversy
persists over its melting, this has not inhibited recent research for
alternative processing techniques to produce monolithic mullite
bodies with high densities and strengths for both structural and
non-structural applications [1,7]. Mullite has been produced by
a variety of high-tech processing methods, including sol–gel
technology, chemical syntheses, co-precipitation and hydrolysis
[7]. Syntheses based on natural minerals such as kaolinite, or the
sillimanite group (kyanite, andalusite, sillimanite), and simple
alumina–silica mixtures, lead to synthesized ceramics with high
quality of mullite by conventional processing-sintering methods
[1,8–18]. Mullite derived from alumina-silicate minerals has beenullite
. Introduction
The refractory materials are made from natural or syn-
hetic components, mainly composed of metal oxides. Most of
hese materials are part of the alumina–silica system [1–3]. The
lumina–silica range of refractory is the largest of the refractory
roups, in terms both of the number of varieties and in its share of
he total refractory market. Kaolinitic clays are used to make ﬁre-
lays and silica-clays refractory materials. Alumina–silica (kyanite,
illimanite and andalusite) and alumina hydrates (boehmite, dias-
ore, gibbsite) are the main raw materials for the alumina
efractory products. Silica in a form of quartzite, sand or aggregates
s used for the silica based refractory materials elaboration [2].
Kaolin has the advantage to be easily accessible and not expen-
ive in natural open work seams. The main mineral constituent of
he kaolin is the kaolinite. Its theoretical formula [Si2Al2O5(OH)4]
s most often presented in the form: Al2O3·2SiO2·2H2O. Kaolinite∗ Corresponding author. Tel.: +212 6 45405676; fax: +212 523315353.
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studied for many different reasons including microstructural
development [6,13–15,17], its structure [5], methods of synthesis
[2–4,7,11,16], thermal evolution and the mechanical properties
[3,19].
Different types of refractory can be synthesized according to the
nature of the raw materials and the used process [2–10]. The appli-
cation ﬁelds of refractory are multiple and depend on the properties
of each type. In fact, the performance of a silica–alumina refractory
(good resistance to heat and thermal shock) is directly related to its
texture and its richness in mullite. In previous studies by present
authors [8–10], different compositions of Moroccan geomateri-
als (kaolin clay, red clay, marl, silica sand, perlite, etc.) allowed
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Table 1
Chemical compositions by XRF of the geomaterials used in this study.
SiO2 TiO Al2O3 Fe2O3 MgO  CaO Na2O K2O P2O5 PAF Total
ArgK 56.20 0.08 29.40 4.50 0.65 0.26 1.55 3.08 0.00 4.28 100.0
ArgR  63.86 0.56 16.30 7.11 1.33 0.56 0.48 1.60 – 7.07 98.93
MarA  51.10 0.40 8.91 3.44 3.19 
SchA  63.40 1.13 21.70 6.00 1.59 
SabM  96.06 0.15 2.22 0.51 0.17 
obtaining a good quality of refractory between 1400 and 1600 ◦C.
Expanded perlite was used as an additive to an earthenware brick
to produce the pores [8]. The obtained results showed that the
samples maintained their shape without undergoing any defor-
mation up to 1600 ◦C. The use of expanded perlite decreased the
ﬁred density of the bricks down to 1.55 g/cm3. On the other hand,
materials elaborated from wastes of silica–alumina bricks (refrac-
tory coatings) and Moroccan geomaterials show that the elaborated
refractories present good chemical and mechanical properties at
1600 ◦C [9].
In a previous study by the present authors [10], a formula of
composition M (30% of kaolin clay ‘ArgK’ + 37% of andalusite rich
schist ‘SchA’ + 27% of silica sand ‘SabM’ + 3% of red clay ‘ArgR’ + 3%
of marl ‘MarA’) allowed obtaining a good quality of refractory at
1400 ◦C. The objective of the present work is to study the effect
of particle size of andalusite rich schist and the addition of metal-
lic aluminum powder on the technological properties (pyroscopic
temperature and ﬂexural strength) of this elaborated refractory.
2. Materials and experimental procedure
2.1. Raw materials
Our choice of geomaterials was oriented to kaolin clay from
the hydrothermal alteration of alkali granite of Oulmès (ArgK),
andalusite-rich schist of the aureole of contact metamorphism
(SchA), Triassic red clay (ArgR), Miocene clayey marl (MarA) and
Jurassic silica sand (SabM). The chemical and mineralogical char-
acterization of these geomaterials, their geographical location and
their origins formation were reported in several papers published
in 2013 by the present authors [8–10].
Kaolin clay (ArgK) is resulting from hydrothermal alteration of
alkali granite of Oulmès, located in the center of the Moroccan
Meseta. This alteration caused the kaolinization of alkali-feldspar
of the granitic rock and gives an aluminous friable material, rich in
kaolin clay with an appreciable quantity of quartz, ﬂakes of mus-
covite, and chloritized biotite. Red clay (ArgR) is a very ﬁne-grained
silt of Triassic age, rich in clay minerals and poor in carbonates. It
forms deposits, which may  exceed 100 mm thickness. Very large
outcrops of these clay deposits exist in the region of Rommani. Clays
of this region are intensely exploited by the industrial ceramists
for the manufacture of bricks and tiles. Clay Marl corresponds to
marine deposits of Miocene age, very ﬁne-grained and light col-
ored (yellow to gray). The marl which is very abundant in different
regions of Morocco (Rif and Meseta) forms monotonous deposits
exceeding sometimes 200 m.  These clays, relatively rich in car-
bonates, are very much operated by both the brick-makers and
traditional potters. Andalusite-rich schist corresponds to a schis-
tose rock of upper Visean age, which constitutes the surrounding
rock of the Oulmès granite. The schistose rock, of a gray-black color
with a shiny and spotted surface, is affected by a high grade of con-
tact metamorphism related to the emplacement of Oulmès granite.
This metamorphism is responsible for the development of a rich
andalusite zone. The choice of these materials was  made on the
basis of the importance of their deposits in Morocco, the ease of
e
i
s
T
b
X
p
r
n
i
n
d
[
p
o
t
a
e
d
M
T
v
A
2
c
M
T
A
u
1
1
h
4
2
i
i
p
r
a
a
T
M24.80 0.76 1.24 0.22 5.89 99.95
0.12 0.30 3.36 0.11 2.29 100.0
0.09 0.06 0.20 0.02 0.49 99.97
xploitation and the importance of these materials in the ceramic
ndustry. Silica sand (SabM) used in this study comes from an arti-
anal quarry, located at 3 km SE of the Mechraa Hammadi Dam.
he sands appear as a thin layer of a white-pink and friable rock,
elonging to the serie of limestone of the upper Jurassic.
The chemical compositions of the geomaterials, performed by
-ray ﬂuorescence (XRF), are shown in Table 1. The different sam-
les are silica (SiO2 > 50%); however, only kaolin clay and schist are
elatively alumina (Al2O3 > 21%). Red clay is much more ferromag-
esian than the other geomaterials (Fe2O3 + MgO  = 8.44%). The marl
s distinguished by its richness in calcium (CaO = 24.80%).
The mineralogical composition of ArgK consists mainly of kaoli-
ite and small quantities of quartz and illite [10]. The particle size
istribution of this clay is composed of particles of size in the range
0.1 and 1 mm]  (43.76%). Andalusite rich schist is mainly com-
osed of andalusite, quartz and muscovite, beside a small amount
f montmorillonite and kaolinite [10] (Table 2).
To promote the mineralization of mullite during ﬁring, the mix-
ure should contain, on the one hand, substantial proportions of Si
nd Al. Silicon is present in various minerals and can be strength-
ned by the addition of silica sand; however, alumina remains in
eﬁcit. In the absence of natural mineral rich of alumina (bauxite) in
orocco, we opted for the use of metallic aluminum powder (Alm).
hus, an aluminum bar has been ﬁled to obtain a light powder,
ery ﬁne, gray, and predominantly aluminous composition (54.01%
l2O3) and that we  have used as adjuvant to the mixture (Fig. 1).
.2. Experimental techniques
In a previous study by the present authors [10], a formula of
omposition M (30% ArgK + 37% SchA + 27% SabM + 3% ArgR + 3%
arA) allowed obtaining a good quality of refractory at 1400 ◦C.
he mixture is passed in planetary mill (mean grain size < 100 m).
fter 10% moistening by weight, the powders are shaped by
niaxial compaction with pressure of 30 MPa  into molds of
00 mm × 50 mm.  The obtained sample is submitted to a drying
10 ◦C/24 h and calcination at 600 ◦C during 1 h. Then it is ﬁred at
igh temperatures up to 1400 ◦C (5 ◦C/min) in an oven (Thermolyne
6200).
.2.1. Characterization of the samples
The ﬁred properties of the samples were evaluated and are given
n Table 3. The apparent density, water absorption and open poros-
ty were conducted according to ASTM C373-88 [20–22]. Fired
roducts were characterized for mechanical properties like ﬂexu-
al strengths with three-point bending. This test was carried out at
mbient temperature. The loading procedure consisted of applying
 preliminary load (0.05 kN) at a rate of 0.5 mm/min  to eliminate
able 2
ineralogical composition of kaolin clay and andalusite rich schist.
Major minerals Minor minerals
Kaolin clay Kaolinite Illite, quartz
Andalusite rich schist Andalusite, quartz,
muscovite
Montmorillonite,
kaolinite
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Fig. 1. EDX analysis of the metallic aluminum.
positioning defects of the specimens. The distance between bottom
supports was 80 mm.
As the major properties of the refractory materials are inti-
mately connected to their mineralogical composition, the samples
were ﬁnely crushed and analyzed by X-ray diffraction. The dif-
ferent phases formed after ﬁring at 1450 ◦C were identiﬁed using
the XPERT DATA COLLECTER software. The samples microstruc-
ture was evaluated using scanning electron (SEM) and binocular
microscopy. The observation of refractory sample under a binocu-
lar microscope identiﬁes some traces related to the manufacturing
technique, the characteristics of the briquette, and the size and
color of inclusions and pores. The observation of the samples was
performed using a binocular microscope OLYMPUS-SZX9 with a
camera (DS Camera Head DS-5M).
Thermal conductivity measurements were employed at room
temperature (30 ◦C) by hot-wire method using the Quick Thermal
Conductivity Meter (QTM500, Kyoto Electronics). The cyclic ther-
mal  shock tests were performed according to DIN 51 068 [2,3].
The sample was heated for 15 min  at 950 ◦C, and immediately
immersed in the cooling water at 25 ◦C for 3 min.
3. Results and discussions
3.1. Effect of andalusite rich schist grain size
At 1400 ◦C, the briquette M (contains only the small grain size
of schist < 100 m)  performed well during ﬁring. It has retained
its original characteristics, no change in colors. No cracks were
observed on the faces. The edges remained straight. The linear
shrinkage is low (2.98%), the porosity is equal to 5.2% and the
ﬂexural strength is equal to 39.1 MPa. Several studies carried out
on refractory clay materials [2–6,9,10] showed that the sintered
sample characteristics are inﬂuenced by the mineralogical com-
position of raw materials, the coarse fraction content [23] and the
ﬁring temperature. In general, porosity increases with the inert
grain ratio, whereas ﬁring shrinkage decreases. The ﬁring temper-
ature of brick made using the clays also inﬂuences properties, with
higher temperatures enhancing densiﬁcation by the formation of
a liquid phase. The liquid phase is formed by reactions that occur
in the presence of free silica, alumina and alkaline, in accordance
with the ternary SiO2–Al2O3–R2O system [3]. Kaolin clay, red
clay and marl are known for their high plasticity, which allows
the introduction of a considerable quantity of inert matter (silica
sand and schist) to reduce the heating shrinkage and to ensure
dimensional stability during thermal treatments.
Andalusite rich schist of large grains size was used to increase
the refractoriness of the product by reducing the amount of glassy
phase in the structure. This substitution allows not only increas-
ing the ﬂexural strength to 54.16 MPa, but also improving the
pyroscopic temperature up to 1450 ◦C. The degreasing andalusite
rich schist (aggregates) content is more important than the plas-
tic matter (crude clay) in the shaping process by dry pressing. The
andalusite rich schist of large grain size (1000–2000 m) brings
to the mixture, the mineralogical elements already transformed
(andalusite, muscovite) leading to a better volume stability dur-
ing ﬁring. It furthermore constitutes the refractory skeleton in
the samples with the crushed crude clay playing the role of a
binder. It enables also the ceramic bond formation and limits
the shrinkage and the cracking of the clay during drying and ﬁr-
ing.
Table 3
Evaluation of technological parameters of ﬁred samples according to grain size of schist.
Schist of small grain size (<100 m)
Pyroscopic temperature: 1400 ◦C
Schist of large grain size (1000–2000 m)
Pyroscopic temperature: 1450 ◦C
Flexural strength (MPa) 39.1 54.16
Open porosity (%) 5.2 16.8%
Density (g/cm3) 2.66 2.56
Water absorption (%) 3.1 10.2
Linear shrinkage (%) 2.98 No shrinkage
Thermal conductivity (W/m K) 1.83 1.11
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mig. 2. Aspect of sample containing the coarse fraction of andalusite rich schist ﬁred
t 1450 ◦C.
The relation between thermal conductivity and apparent poros-
ty of the bricks with the granulometry can be observed in Table 3.
he thermal conductivity values indicated a decrease of up to
9.34% which is encouraging for higher energy saving potential in
esidential applications. It can clearly be seen that thermal con-
uctivities of the bricks are closely related with their densities
nd porosities. At 700 ◦C, CaCO3 present in the marl, begins to
ecompose to CaO, this decomposition during ﬁring is often accom-
anied by the evolution of CO2 outside the structure of the ﬁred
amples which tends to create a more porous structure. The free
aO reacts with the amorphous phase derived from decomposi-
ion of illite, which diminishes at increasing ﬁring temperatures.
he water absorption increases gradually due to the evolution of
ore CO2 outside the structure.
The relatively high mechanical properties of ceramic products
re essentially due to their structure which is mainly composed of
ullite [8–10]. The presence of a crystalline phase in the ceramic
atrix provides the piece with a high ﬁred mechanical strength.
efractoriness of a material is strongly dependent on microstruc-
ural parameters such as grain size and shape, the relative volume
f solid and vitreous phases, the viscosity of the vitreous phase and
orosity [2,3,9,23]. Refractoriness can be evaluated by examining
he evolution of the morphology of test samples with increasing
emperature under their own weight (without any other load).
efractoriness in this paper is deﬁned as the temperature corre-
ponding to the moment when a material begins to lose its shape
melting point). The samples tested here maintained their shape
ithout undergoing any deformation up to 1450 ◦C (Fig. 2). They
etain their original characteristics: no cracks, no deformation, no
olor change, especially no shrinkage at the end of the thermal
ycle.
During sintering, chemical interactions occur above 1100 ◦C, in
ccordance to the equilibrium phases in the SiO2–Al2O3–MgO and
iO2–Al2O3–CaO systems. Possible equilibrium phases are cristo-
alite, leucite, orthoclase and mostly mullite. Many studies [24,25]
a
p
p
Fig. 3. XRD patterns of samplFig. 4. The SEM image of the ﬁred sample at 1450 ◦C.
ave reported that sinter additives like MgO  and CaO promote
intering in the presence of liquid phase, which is formed in a
ery narrow temperature range of 1410–1425 ◦C. It may  be under-
tood from the Al2O3–SiO2–MgO phase diagram [24] that MgO  can
roduce a Mg–Al spinel at high temperature. The X-ray diffrac-
ion pattern (Fig. 3) of a sample sintered at 1450 ◦C evidences the
resence of mullite, quartz, cristobalite and vitreous phase. Mul-
ite results from the transformation of phyllosilicate minerals such
s kaolinite and muscovite at high temperatures [2,3,8–10]. It is
ell known that the reactions between free silica and alkaline,
n particular potassium oxide that is present in excess in the raw
aterials, lead to the formation of a vitreous phase that governs
he thermo-mechanical behavior of the materials [3].
.2. Effect of metallic aluminum powder
Ramírezl et al. [26] have used the kyanite mixed with 15 wt%
f metallic aluminum to form a pure mullite at 1600 ◦C/1 h. The
ame authors have observed a linear dimensional change equal to
12.2% at the end of ﬁring cycle. For our coarse microstructure
efractory, and at 1450 ◦C, no distortion, no color change and espe-
ially no linear shrinkage were observed. The incorporation of 5% of
etallic aluminum powder (Alm) in the mixture has increased the
exural strength of briquette to reach a value of 59.9 MPa. In the
rocess of oxidation-sintering, the aluminum metal is oxidized to
lumina [26]. This formed reagent combines with silica of the pri-
ary constituents and silica expelled during the decomposition ofndalusite. A dense mullite is produced after sintering at high tem-
erature. The SEM micrograph of Fig. 4 clearly shows the mullite
hase identiﬁed by its needle like shape.
e after ﬁring at 1450 ◦C.
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Fig. 5. Aspect and damage of sample ﬁred at 1450 ◦C and having undergone 100 cycles of thermal shock with a temperature difference of 925 ◦C (A: andalusite, M: matrix,
Q:  quartz, C: crack).
3.3. Cyclic thermal shock
It is well known that the reactions between free silica and alka-
line, in particular potassium oxide that is present in excess in the
kaolin and schist, lead to the formation of a vitreous phase that gov-
erns the thermo-mechanical behavior of the materials. Refractory
materials inevitably contain some ﬂaws in the form of poros-
ity, micro cracks and impurities. When containing inherent ﬂaws
ceramics are subjected to severe thermal shock, damage concen-
trated at tips of those preexisting ﬂaws will be generated leading
to higher number of micro cracks and hence the fracture strength
is degraded [19]. The images of Fig. 5, illustrate the heterogeneous
character of the sample, subjected to 100 cycles of thermal shock
with a temperature difference of 925 ◦C. We  observe andalusite
crystals plunged in the refractory matrix. The different phases of
silica (quartz and cristobalite) present in the ﬁred sample do not
have the same value of coefﬁcient of thermal expansion. In addition,
the allotropic transformation - Quartz at 573 ◦C is accompanied
by a signiﬁcant change in volume [3], this leads to a marked devel-
opment of cracks around the grains of coarse andalusite rich schist
in the matrix. The average length of the cracks is about 1 cm.
4. Conclusion
Refractory samples based on Moroccan geomaterials have been
improved through the use of andalusite rich schist as aggregates
with granulometric distribution composed of coarse fraction (mean
grain size: 1000–2000 m)  and the addition of 5 wt%  of metallic
aluminum powder. The use of a coarse particle size of andalusite
rich schist has improved the technological quality of the refrac-
tory. It was concluded that the bulk density ranged from 2.66 to
2.56 g/cm3, and also the thermal conductivity varied from 1.83
to 1.11 W/m  K depending on the porosity content. The pyroscopic
temperature increased from 1400 to 1450 ◦C, as well as the ﬂexu-
ral strength has increased from 39.10 to 54.16 MPa. The addition of
5% of metallic aluminum powder could increase the resistance to
59.9 MPa.
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